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ABSTRACT 

TViis report addresses the second part of a HYDRONAUTICS, 

Incorporated study, which was performed to determine the effect 

of wind and a.spatially varying subsurface current field on 

both the wind-induced drift layer and the surface-wave spectrum. 

Steady state wind-wave-current interactions were established 

over a region of uniform current gradients which simulated an 

internal-wave-fixtd measuring system.  Wave-height spectra 

were recorded by HYDRONAUTICS while wave-slope spectra were 

simultaneously made with a Digital Video System by Riverside 

Research Institute.  The resulting data are expected to pro- 

vide a firm foundation for theoretical arguments concerning 

the question of relaxation phenomena in the wind-drift layer. 
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I.  INTRODUCTION 

The present series of tests are part of a larger effort 

aimed at quantitatively delineating the physical processes in- 

volved in the interactions of internal waves and surface waves 

HYDRONAUTICS, Incorporated has been involved in different theo- 

retical and experimental aspects of this program since 1972, and 

has submitted nine reports on the subject to date.  The present 

report addresses an experimental test series on resonant wind- 

wave-current interactions, the second joint effort of HYDRONAU- 

TICS, Incorporated and Riverside Research Institute.  The work 

was done in the HYDRONAUTICS Wind-Wave Facility during the fall 
of 1975. 

The purpose of this report is to present the hydrodynamic 

measurements and preliminary findings of HYDRONAUTICS' 1975 test 

series.  The complementary work conducted in the Wind-Wave Facil- 

ity will be reported by Riverside Research Institute under their 

separate cover.  In particular, the spatial wind-wave spectra 

taken with the Digital Video System (DVS) will be presented.  It 

is anticipated that another report aimed at collaborating the 

flow field and surface wave spectra measurements with existing 

theoretical predictions will be prepared by HYDRONAUTICS in the 
near future. 

The first laboratory study performed jointly by HYDRONAUTICS, 

Incorporated and Riverside Research Institute was conducted during 

the early fall of 197^ (References 1 and 2).  The results of these 

tests were valuable in designing the present study and in making 

the necessary facility changes for the refined 1975 test series. 

The objective of the second experimental study was to im- 

prove upon and complete the effort of the previous year.  In addi- 

tion further refinements in the RRI-DVS demonstrated a greater 
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level of confidence In this system.  For the purpose of the pres- 

ent report, it is sufficient to point out that both the experi- 

mental findings of 197^ and the theoretical predictions indicate 

that a TV system accuracy of better than 1/2 Db (or rf/o  in wave 

energy) would be necessary for measurement significance.  This 1/2 

Db accuracy is directly related to the small magnitude of nonreson- 

ant interactions between wind-generated-surface waves and subsur- 

face current fields.  Other improvements in the present experiments 

over last year's include increased accuracy In flow field measure- 

ment, better reproducibillty of a given flow field condition, and 

a more uniform wind velocity profile above the water surface.  Care 

was taken to insure that an accuracy of ±5$ (or better) was main- 

tained throughout the measurements.  The largest improvements over 

1974 test conditions are a result of the new current system.  The 

earlier testing had been plagued with large scale vorticity which 

was transmitted to the test section after its inception at the cur- 

rent generating impeller.  As a result of new diffusing devices, 

dye injections no longer indicated significant vorticity. 

Existing theoretical models have been briefly reviewed in 

Reference 1.  The driving force behind the present experimental 

work has been the urgent need for data to refine ongoing theoreti- 

cal efforts.  The question of how to draw correspondence between 

the conditions in the laboratory and those found in the oceanic 

environment is an Important one which is being addressed in a com- 

panion study at HYDRONAUTICS. 

Section II contains a description of the modified Wind-Wave 

Facility, its operational characteristics, and the physical 

measurements taken In it.  Section III describes the experimental 

procedures and resultst  In Section IV the results are summarized 

and discussed, with concluding remarks and suggestions for further 

research to be found in Section V. 
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II.  EXPERIMENTAL FACILITIES AND MEASUREMENTS 

II.1 Wlnd-Wave-Curront Facility 

T^e HYDRONAUTICS wind-wave-current facility, shown scheaat- 
xcally in Figure I, is basically a 1.5 m-wlclo, 1.55 m-deep, and 

.  22 m-Iong water tank.  An axial flow fan, which is driven at an 

adjustable speed by an electric motor. Is located at the upstream 

end.  To avoid the problem of wave reflections that would occur 

in any tank of finite length, a permeable wave absorber has been 

installed at the downstream end.  A removable, sectional cover 

has been placed on the tank to create a wind tunnel 31 cms-high 

(nominal) over a water depth of 124 cms (nominal).  The cross" 

sectional area of the air stream may be varied by changing the 

water level.  Wind speeds up to 13 m/sec may be generated over 

the water surface at the nominal wind tunnel height. 

Surface waves may be generated mechanically by a wave 

paddle located at the upwind end of the tank.  The paddle con- 

sists of a stiff plate hinged at the tank bottom and driven by 

an electric motor through a variable speed reducer and an adjust- 

able linkage.  The frequency and amplitude of the paddle's motion 
are Independently adjustable. 

The facility is equipped with a variable current genera- 

tion system also shown In Figure I.  The present system Is an 

Improved version of that used in the 1974 wind-wave-current 

tests.  It consists of a false bottom or submerged beach and a 

recirculating pump system, including a reversible impeller, 

appropriate ducting, turning vanes and flow straighteners.  The 

submerged beach is supported from below on adjustable screw 

threads which are conveniently accessible from above.  The beach 

may be positioned at any Inclination over the range from 0 to 

2.65 degrees by cranking on the support screw;:.  The turning 

vanes and flow diffusing and straightening sections were designed 
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and finely adjusted to provide two-dlracm;ional current flow 

over the beach In either the upwind (adverse) or the downwind 

(favorable) directions.  In the favorable direction the current 

Is uniform across the flow to within t%%     In the adverse direc- 

tion, however, owing to geometric and space limitations in the 

dvcrse flow diffusor section, the current flow nonunlformity 

increases to about tlO^ over a given cross section.  Extensive 

calibrations have been carried out on the current system and 
are presented in the next section. 

The primary flow variables in the wind-wave-current facil- 

ity are the wind speed and the artificial current direction, 

speed and streamwise Gradient.  The wind speed is controlled by 

the RPM of the fan motor.  The current direction is determined 

by the sense of rotation of the impeller.  The current gradient 

is controlled by the inclination of the beach, while the local 

current magnitude is directly related to the impeller RPM and 

the inclination of the beach.  It is the current gradient that 

enables the simulation of certain key aspects of  an internal 

wave using a stationary current system, in that an equivalent 

Internal wavelength or time-scale for a propagating current can 

be defined.  It should be noted, however, that all measurements 

are made  relative   to a coordinate system that effectively 

"rides" on a stationary internal wave.  This point must be con- 

sidered carefully before comparing the experimental laboratory 

data to other data or to theoretical predictions. 

I1.2 Measurements 

11,0,1 Wind Profiles 

Two methods were tried to determine the wind velocity 

profile above the water; hot wire anemomentry and pi tot-static 

manometer measurements,.  Simultaneous use of both devices within 

the wind-wave facility gave reasonable results with ore stringent 



HYDRONAUTICS. INCORPORATED 

-5- 

limitation. When water droplets or spray contacted the hot 

wire devicej thermal stresses led to wire failures. Though 

wire temperature was reduced to its lowest practical value, 

failures remained numerous. As a result, hot wire anemometry 

was discarded as a useful tool because of its frailly under 

near surface test conditions. 

The wind profiles Included in bhe present report were 

taken with a pitot-static probe and an alcohol micromanometer. 

The pitot-static probe was mounted on a motorized "A" frame for 

vertical and transverse profiles of the test section.  Measure- 

ments, however, were taken at discreet intervals with the probe 

held fixed rather than with the probe continuously traversing 

the test section.  In this way, wave-generated fluctuations in 

the air stream could be time-averaged.  The output from the 

micromanometer was converted to an electrical signal by install- 

ing a simple wire capacitance probe within the glass, tubing of 

the manometer, A parallel glass tube provided visual confirma- 

tion of the reading. The electrical signal was displayed on a 

strip chart recorder so that fluctuations in near-surface air- 

stream velocities could be  averaged. This signal was also used 

to check for gross, distortions in fixed-point velocities which 

might be due to relatively slow seiche-like motions within the 

tank. 

As has been our previous experience;, the wind velocity 

profile was found to follow the logarithmic law over with some 

interval above the water surface. 

U = ^ tn (z/z0) [1] 

Friction velocities (U^) and equivalent roughness 

lengths (z ) were inferred from Equation [l] by means of a semi- 

log plot of the measured wind velocity profiles.  This technique 
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while easily and commonly employed, suffers from limited accuracy 

inherent in fitting a straight line through experimental data. 

(Throughout the present test set, irregularities in the ,;lnd 

velocity profile were corrected by a fine mesh wire screen.  A 

series of detailed wind velocity profiles showed that the char- 

acteristics of the air flow were improved by the presence of this 

screen. 

Tests were also undertaken to determine the effect of small 

adverse or favorable (with respect to the wind direction) cur- 

rents on the friction velocity (for a constant wind speed).  Over 

the range 

U 
- 1.25 s «£• s: 1.25 

s 

where U  is the current speed and U  is the surface drift under c ^        s 
the action of wind, no measurable changes in Ux could be discerned. 

Repeated measurements for the same flow conditions, suggest that 

our accuracy in determining ü# was on the order of 
±'lj'/o.    Thus, 

it appears that bhe effects of current (over the range of values 

tested) on the shear velocity are small and negligible compared 

to the accuracies attained in the present experiments. 

11.2.2.  Surface Wave Characteristics 

The principle diagnostic tool for the present tests was 

the RRI-TV camera system which Is capable cf measuring the two- 

dimensional surface wave slope spectrum over a given spatial view 

patch.  To supplement and provide an independent check on the RR1 

data, an alternate means of simultaneously measuring surface wave 

characteristics was considered to be of value.  Consequently, sur- 

face wave data were also taken by means of capacitance wire probes. 

Repeated calibrations demonstrated that these teflon-coated probes 

have a flat frequency response over the range of 0-30 Hz and an 
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output voltage that varied linearly with probe Gubmergence.  Two 

probes were positioned along the longitudinal axis of the wind- 

wave tank at a variable separation (L).  Their output voltages 

were stored on separate channels of an PM tape recorder for later 
processing. 

The output signal from a calibrated capacitance wave- 

height probe gives the position of the water surface at a fixed 

point in space as a function of time.  The output of the two 

wave-height probes was reduced to yield power spectra.  The util- 

ity of this presentation for the present study lies primarily in 

the reference point it provides for reduction of the RRI data. 

Specifically, the temporal frequencies of surface waves generated 

in the wind-wave facility, which can bo measured directly from a 

power spectrum of the wind-height probe signal, are recoverable 

from a dynamic analysis of the RRI slope spectral data (Reference 
ll).     The accuracy of this dynamic analysis is poor at the lower 

wave frequencies, particularly at the frequency of the dominant 

wave, but improves, considerably for the high frequencies.  A 

power spectrum of the wave-height probe signal, on the other hand, 

provides a very accurate measure of the frequency of the dominant 

wave.  It has been found that reduction and analysis of the KRI- 

TV data was expedited and improved by the wave-height probe data. 

This point will be discussed more fully in forthcoming RRI and 

HYDRONAUTICS, Incorporated reports on the present tests. 

The simultaneous use of two wave-height probes enables 

the computation of two-point (spatial) cross correlations and 

cross spectra.  From cross correlations, the phase speed C of the 
»    i p 

dominant surface wave may be estimated by the relationship (Refer- 
ence 3) 

0
P = i [2] 
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where T  IG  the time by which one signal must be delayed relative 
to   the other for maximum correlation,   and  L is   the probe  longi- 

tudinal  separation  (generally  set at less  than one-half the domi- 
nant wavelength,  \D).    The cross spectrum,  which  Is  the Fourier 

transform of the cross correlation,  gives,  in principle,   the 

phase  speed  for each  wave component present  in   the surface wave 

spectrum.      In practice,  problem:;  of aliasing wavelengths  shorter 

than  the wave-height probe; separation,  and of low signal-to-noise 
ratio limit  the useful frequency range of  the cross  spectrum 

technique  (Reference 3).    In the present case,   L was  selected  to 

avoid  spatial aliasing and attention  was   focused   it)  the  vicinity 

of the dominant wave.    The phase speed  lor each  frequency  compon- 
ent  is   estimated as 

where w  Is   the wave  frequency   in Herts and  I  is   the phase angle 
computed  from the  ratio of the  Imaginary  to  the real parts of 
the cross spectrum as 

•(«) .   tan-    -mn\ m 

The data from  the wave-height probe:-, were processed 

on a Unigon  Past Fourier Transform Analyzer—which  is basically 
a hard-wired,   special  purpose mini(digital)   computer—and  plotted 

on an X-Y  plotter.     Such  wind-wave spectra are included in  later 

data sections of  this  report.     Based upon  Phillips'   theory  (Ref- 

erences 4 and  5)  and  fetch   Limited   Laboratory condition:-.,  one 

would  expect an overdriven peak,   shallow mid-range,  and an asym- 

totic approach   to a  -5 slope only at  the higher frequencies  (Ref- 
erence 6). 

11,2.3    Surface Drift Currents 

The drift  cur-rent  Immediate  to   the water surface was 
measured   by   repeatedly   timing   float:;   of various   sizes  between 
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two stations In the wind direction and then averaging the re- 

sults.  Spherical particles with dimensions of 1.90, 3.l8, 6.35 

and 12.70 mm and a specific gravity of O.95 were used as floats. 

The velocity of each float was taken as the drift current at the 

depth of the centroid of the longitudinally projected area of 

the submerged portion of the float.  For the floats used in the 

present experiment, the corresponding centroid depths have been 

estimated (geometrically) to be 0.71, 1.19, 2.37 and 4.72 mm, 

respectively. For many of the wind-current setups tested, use 

of the two larger floats was impractical if not.altogether im- 

possible.  For a few cases no float data could be taken because 

of the effects of strong velocity gradients on the 'notion of the 

floats.  In particular, for cases with strong adverse subsurface 

currents, the drift-layer profile connecting the downwind sur- 

face drift to the upwind subsurface current has a zero velocity 

crossing (typically in the centimeter below the mean surface). 

For such cases the floats were observed to meander, stall, reverse 

directions and, generally, to behave erratically over tine timed- 

travel interval.  All data from erratic floats was considered 

to be unacceptable.  All trials with a particular float which 

executed erratic motion under a flow setup were discontinued and 
disregarded. 

This procedure of disregarding float data when the 

float motion was erratic over a large percentage (60p or more) 

of the timing runs represents a policy change from last year's 

experiments (Reference 1).  At that time, OWIM : to the known 

throe-dimensionalities in the mean current flow, some meandering 

Of the floats was expected.  A "presmoothing" or "filtering" was 

built into that data by arbitrarily defining as acceptable only 

those floats which remained within a tl5 cm wide band from the 

drop point along the longitudinal direction over the float travel 

distance.  The number of trials was increased until the required 

number of successful runs (10) was obtained.  In the present 
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experiments, no gross three-dimensionalities were present in the 

mean current flow.  Consequently, erratic float behavior could 

only be attributed to the response of the floats to the above- 

mentioned drift layer characteristics, i.e., velocity gradient 

and zero velocity crossings.  This point will be taken up again 

later when the present data is compared to last year's. 

The efficiency of the timed-float technique has been 

demonstrated in many studies of the drift layer, including both 

the present and last year's study.  Albeit cumbersome, time con- 

suming, open to a number of unanswerable questions, and unesthe 

tic, no better technique has been discovered as yet.  The impor- 

tant questions of accuracy and reproducibility of results obtained 

with the time-float technique have been taken up in considerable 

detail in Reference 1.  There it is estimated that an accuracy on 

the order of <$>   (or better) is attained by taking the average of 

the middle light of ten float trials (ten, throw out the high and 
the low) over a one-meter travel distance. 

11.2.4 Subsurface Currents 

There are several devices available for measuring the 

speed of the subsurface current flows encountered in the present 
study.  These include: 

1. Hot film anemomet 

2. Timed-neutrally be  ■:   floats 
3. Time-dye streaks 

4. Pi tot-static probes 

5. Neyrplc velocirneters 

The first four have been used in the wind-wave facility in the 

past with some degree of success.  The last, a French-made pro- 

peller-anemometer shown in Figure 2  was introduced Just prior to 

the present experiments. In-house calibrations of the Neyrplc 

performed in an 80-ft long tow channel have demonstrated its super- 

iority over the other devices for reasons of accuracy, and ease of 
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use.  A calibration curve is presented in Figure 3 which demon- 

strates remarkable linearity and an accuracy of 1^ or better over 

the velocity range 3-150 cm/sec. 

Utilizing Neyrpic ve.locimeters, detailed calibrations 

of the current system were performed; the Independent variables 

are impeller rpm, inclination of beach (from the horizontal) 

and location-fetch (x), lateral position (y) and depth (z), 

Figure 4 presents current profiles for the case of favorable 

currents (with the wind), along the beach inclined at 2,65 de- 

grees.  The current depth, excluding the lower boundary layer 

along the beach, is seen to be uniform to within t^.  Figure lj 

presents current profiles for the case of adverse currents along 

the same inclined beach.  The deviation from uniformity here is 
±10^. 

As discussed at some length in Reference 1, last year's 

experiments were overshadowed by ambiguity which arose due to 

the nonuniformity of the mean current flow produced by the pre- 

vious current system.  It was. often impossible to separate those 

distortions of the wind-drift layer caused by interactions be- 

tween surface waves, and subsuri'ace-spati.al ly-vary Ing currents 

from those caused by strong three-dimensionality of the current 

field itself.  This subject will be taken up again Later on in 

the present report.  The point to be made here Is that the cur- 

rent field, provided by'the current system In the present study, 

was uniform to a fine measure, which suggests elimination of this 

ambiguity. The uniformity of the present flow was demonstrated 

both by velocity measurements and by flow visualization using 

concentrated vegetable dyes. . This brief description of the wind- 

wave current facility, of its operating characteristics, and of 
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the hydrodynamic measurements taken in the present study, should 

provide a foundation for the following discussion of the experi- 
ments themselves, 

III.  THE EXPERIMENTS 

III♦ 1 Preliminary ConsJLder^tions 

Prior to the design of the present experimental program, 

the result;; of the 1974 joint tests and the most recent bheo- 

retical developments were reviewed in a meeting with M. King, 

P. Lizzi and F. Nawar of RRI, A. Rubel of Advanced Technology 

Labs (ATL), J. Lewis of Techmate, and G. Elliott and R. Scottl 

of HYDRONAUTICS (Reference 7). 

The Intent was to bring modifications and improvements 

into this year's tests, to insure that the overall objectives of 

the study were met. The most stringent requirements for this 

year's experiments was, for greater accuracy both In the RRI-TV 

camera measurements and it) HYDRONAUTICS flow measurements. The 

selection of the matrix of flow conditions to be bested was also 

important in the Interest of producing discemable interaction 

effects within a reasonable number of experimental flow setups. 

111.1.1 Experimental Accuracy 

Existing theoretical predictions (References 9 and 10) 

suggest that spatial modulations, which may occur In the wind- 

wave current facility under appropriate flow conditions, are ex- 

pected to be on the order of 20-25^ or less. Moreover, the effects 
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are anticipated to be narrow-banded.  The implicationa of these 

predictions are clearly that a high level of experimental accur- 

acy must bo maintained throughout each phase of the experimental 

program to Insure that such small effects can be discerned. The 

stringent accuracy requirements imposed on the RRI-TV camera sys- 

tem will be discussed in a RRI technical resort covering their 

activities in the present experiments.  For hydrodynamlc measure- 

ments, as well as for reproduclbility of flow setup, an accuracy 

of ±5^ was taken as the outer bound of accrptablllty, 

Hydrodynamlc measurements Included; 

1. mean wind speed 

2. shear velocity (inferred from the moan wind 
profile) 

3. near surface drift (measured with floats) 

4. subsurface current speed 

5. subsurface current gradient 

6. relative surface wave height of the dominant wave. 

7. surface wave frequency of the dominant wave. 

An accuracy of +5$  (or b tter) was attained for all of the above 

measurements In the present tests, in addition, the following 

measurements wore available from cross spectral plots with an 
accuracy of tlO;'' or better: 

I. Phase speed of the dominant wave. 

2«  Wavelength of the dominant wave. 

Phase an^i.e (between probes) of the 

dominant wave. 

HI. 1.2  Selection of Tost Conditions 

The following guidelines on the choice of test-flow 

conditions were arrived at by collaboration between AT!,, Techraate 

and HYDRONAUTICS.  Some Independent thinking along these lines is 

given In a pretest report, dated May 1975, by J. Lewis of 'JVchmate 
(Reference 8). 
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A. Wind speed, Uw - 3.8, and 6.2 (m/sec) 

The lower value was selected to maximize the 

interaction phenomena.  Below (approximately) 3ni/sec the surface 

activity is small and difficult to measure quantitatively.  The 

higher value was selected bo include the effects of a significant 
change in shear velocity, 

B. Subsurface current, U, ,   both adverse and 
favorable. U 

s 

where U, is the wind induced surface drift. 

An avoidable and undesirable characteristics of the 

wind-wave-current facility was that changes in subsurface cur- 

rents produced an effective change of fetch at a fixed station. 

Favorable currents decreased the fetch and adverse currents in- 

creased the fetch (at a fixed measuring station) relativ«: to the 

wind-only case;.  This important point -ill be discussed in greater 

detail in .Section TV.  The larger values of current speed were 

selected to maximize the interaction effects.  Smaller values 

were selected i.n accordance with what was practically possible in 

the facility tu minimise the current-fetch effect, 

C. Current gradient. |4—I s; I0"a f-=-) 
' ' OX '       V-ec' 

111.1.3 Matrix of Flow Conditions, Tested 

Trie twenty-eight different flow conditions which were 

tested in the present experiments are described in Tables 2 and 3, 

the test matrix For the L975 Joint tests. Details of the wind 

and subsurface current flows are given In Table 3, arranged accord- 

ing to data-run number. The following description explains the 

rational behind the present data-run numbering system: 

B refers to the beach; the number following B 

indicates its orientation; 

1 =- 0 degree inclination 

4 ~ 2.03 degree inclination. 
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C refers to the subsurface current- the 

numbers following C indicate the cur- 

rent generating impeller speed in RPM 

(minus mean adverse flow). 

W refers to the wind- the number follow- 

ing W indicates the blower speed in RPM. 

P refers to the fetch; the number:: follow- 

ing F indicate bhe fetch, measured from 

the point where the air stream first 

touches the water, in centimeters. 

M  refers to the mechanical wave generator 

(when in use); the numbers following M 

indicate the speed of the motor-driven 
shaft in RPM. 

The last four digits give bhe month ana day 

on which bhe best was mm. 

In this year's experiments all bests were performed 

at the same measuring station, namely at 12.25 m from the point 

where the air stream first contacts the water.  Last year's 

measurements were taken at an upstream station as well as to en- 

able discernment of strongly fetch dependent effects. This as- 

pect of the experiment:; wan left out of the present tests in 

order to more fully span the ranges of the parameter:: in the 
available time, 

III,2 Bx^erlm intal Results 

As discussed in Section III.I, the test matrix variables In- 

clude:  wind speed, current velocity, beach angle, and mechanical 

wave nre.ence.  The data taken under the present test matrix Is 

organized as shown in the Data Presentation Outline (Table i). 

As is .indicated, the data has been divided into bhree basic groups 

flat beach results, inclined beach results, and mechanical./wlnd- 
wave results. 
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During the flat beach experimentation, two wind conditions 

were considered.  At 3.8 meter/second, run numbers 1 through,11 

were recorded,. while run numbers 12 through 15 were recorded at 

6.2 m/sec.  Since the objective of this aspect of the experimen- 

tation was to determine the interactive efforts of a spatially 

varying subsurface currents with the wind drift layer, a means 

of directly comparing wind drift layers is necessary.  This is 

accomplished by subtracting the surface current with no wind (U,) 

from the "overall local drift current", U, , in a laboratory- 

fixed-reference frame. 

q = Ud - Uc [5] 

The resulting value is referred to as the "relative wind drift 

velocity" (q).  Among the data recorded at each wind speed, are 

condition:; which have adverse (against the wind) currents and 

favorable (with the wind) currents of approximately equal magni- 

tude.  The drift layer profiles are thus presented in subgroups 

where any shift in the matrix variables would be apparent.  These 

plots of q vs. Z (depth from surface) for various current combina- 

tions are presented as both a linear and semi-logarithmic plot. 

The information from the linear plot allows one to better fit a 

line through the semi-log representation, thus riving the best 

value of the friction velocity (U^) (see Figures 6 through 1.3). 

For each of the data runs, the power spectra and wave-height 

cross spectra were taken as described earlier in this report. 

The spectra are to be found in Figures 23-53. 

During the inclined-beach experimentation, the same two wind 

conditions were considered with various favorable and adverse cur- 

rents. The data presentation is completely analogous to the flat 

beach condition as again shown in Table i. 

For several flat-beach condition-:, mechanical waves were gen- 

erated in the presence of ivnown wind condition.;..  The mechanical 
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xvave experimentation was limited to the lower wind speed of 3.8 

meters/second. The measurements taken were restricted to wave- 
height power and cross spectra. 

IV.  RESULTS DISCUSSED AND SUMMARIZED 

Improvement of the mean-current flow field for the 1973 

test series has filled an important gap in the 1974 experimenta] 

approach.  As a result, the confidence placed in the present 

test series is greater than that placed on earlier results.  The 

repeatability, both over the short (several minutes) and long 

(several weeks) time periods, was consistently below t^  and gener- 

ally below ±2%  for water velocity measurements (see Figures 4 

and 5).  In addition, corrections in cross-tank-wind-velocity 

profiles have hopefully resulted in more representative two- 

dimensional-wind-wave spectra.  Thus the emphases placed on the 

two sets of data should reflect, to some extent, the change in 
confidence since the 197^ experimentation. 

Figures 6, 8, 10 and 13 show the water velocity vs the loga- 

rithm of depth over the range from 0.07 to 25 cm.  A logarithmic 

depth scale enables all of the data to be plotted conveniently on 

the same graph and, more importantly, is useful in determining 

the mean local value of the shear stress supported by the water 
itself.  The law of the wall may be written as 

Ü, " K ^ z/z0 [6] 

where 
1 

U*  l"p|  'lc the frictlon velocity, 
K is the Von Kanaan constant, and 

ZQ  is the equivalent roughness height 

of the boundary surface or wall. 



HYDRONAUTICS. INCORPORATED 
-18- 

Wu, Reference 11^ has shown that in the case of the wind- 

drift layer., Equation 6 may be rewritten as 

U  - U 
-2«  - 4 In  Z/Z fy] 

where 
Uo  is the surface drift velocity, 

Uj.  is the local drift velocity, and 

W#  is the shear velocity on the 

water side of the free surface. 

In terms of the relative wind drift velocity (q). Equation 

[7! may be rewritten as 

W 
c: = ^o ~ Uc = "^" ln  z + constant .       [8] 

Thus, if the law of the wall is appropriate, the value 

of Wx can be deduced from the slope of a log-linear plot of 

q vs Z,  Similarly, the values of U.x. may be info-red from a 

plot of wind velocity vs distance above the free surface 

through 

"-"K wbz; = (if • w 
A generally accented approximation of the air/water inter- 

face requires the shear stress in the air to match that in the 

water; the following equation may be written: 

P ■    W„a rH 1 r     * a L 1 

"water  u^ 
[10] 

where the exact equation 'would Include a term relating the 

momentum transfer to the surface waves,.  The result Lnr ratio 

j—  Ls generally considered to be of the order 1/30. As shown in 

Table 2, this approximate relation is valid for the present experi- 
mentation. 
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Durlng the 1974 test series, it was found that the relative- 

wind-drift-velocity-profile (q) was shifted in velocity but main- 

tained the same shape in the presence of spatially varying cur- 

rent gradients. A relaxation time was associated with this shift 

and its character assumed to be exponential. The relaxation time 
(T
1
) was found from the relation, 

^  ^downstream ~ 'q ~ qo^upstream e       '-11^ 

where 

T  = Ax/U /   average 

Ax was the distance between upstream and 

downstream measurement stations, 

Uaverage was thG averaSe of the mean veloci- 
ties at the given station and depth 

qo was the "no current" wind drift velocity. 

The experimental curves which demonstrate this phenomena are 
given in Reference 1. 

Although only one station was considered during the 1975 experi- 

mentation, when subsurface current was varied, a shift in the rela- 

tive- v;ind-drift velocity profile was not observed.  This would suggest 
that: 

1. The boundary layer has relaxed completely at a fetch of 

12.25 meters, (7.91 meters from the beach edge), or 

2. The relaxation phenomena observed during the 1974 test 

series was a manifestation of the three-dimensional structure of 
the flow field. 

The values of T< found in 1974 were ranged from 21 to 227 

seconds (Reference 1).  These measurements were taken with a dif- 

ferent beach configuration, where the fetch was 8.3 meters with 

the beach edge 2.56 meters from the test station.  Thus, the 1974 

and 1975 test results are taken at stations which are nearly 4 
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meters apart physically with an effective separation of 5.35 

meters if the respective current-gradient-lengtha are considered. 

If the relaxation phenomena exists and is describable through 

the exponential relation given in Equation [10], then one can 

predict the degree to which a drift layer should relax in moving 

from the 1974 test location to the present location.  The typi- 

cal numbers chosen from Reference 2 for this prediction are given 
below: 

• 

effective relaxation length:  5.35 m 

mean depth:  O.71 mm 

favorable flow 

1 average5  25-10 cm/sec 

T:  21 seconds. 

Thus one would expect a relaxation length of 5.27 meters, while 

the actual effective separation was 3.35 meters.  It would, there- 

fore, seem reasonable that no relaxation related shift in the 

relative-drift-layer plots was observed at the present fetch. 

In contrast, it may be that flow field distortions caused 

or accentuated the relaxation phenomena.  In this case, the ab- 

sence of shifts in the relative-wind-drift-layer profiles would 

indicate an almost immediate response of the wind-drift layer to 

spatially varying-subsurface current perturbations. 

In addition to the considerations of current-related shifts 

in the drift-layer profile, it is interesting to note the drift- 

layer depths for various conditions as shown in Figures 6, 8 10 

and 13.  These drift-layer depths appear to be a function of wind 

speed, beach angle, and to some extent current direction.  Figure 

1'j  illustrates a tenuously defined relation between beach angle, 

wind speed and drift-layer depth.  The error bars indicated in- 

clude both favorable and adverse current:: within their limits. 
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However, It Is generally observed that adverse currents are as- 

sociated with shallower wind-drift layers.  This Is surprising 

since adverse currents Increase the effective fetch and thus 

allow more momentum transfer to the water.  It is also noted 

that the energy contained within the drift layer is a function 

of the wind speed and beach angle.  This is reflected in the 

values of W^ and drift-layer deptli (6).  The energy contained in 

the wind-drift layer does not appear to be a function of current 

magnitude/direction which is again surprising given fetch con- 

siderations.  No attempt is made to explain the causes of these 

observations at this time; however, future attempts should con- 

sider physical constraints such as the ratio of wavelength to 

in situ depth, Reynolds wave stress within the drift layer, and 

the vertical velocity component which may add to turbulent mixing. 

The surface wave spectra modifications recorded by the RRI 

Digital-Video-System (DVS) will be presented- under their cover. 

The temporal wave spectra recorded by HYDRONAUTICS, Incorporated 

during the present test series represent a significant improve- 

ment over the 197^ data.  Figures 21 and 22  are presented as typi- 

cal power spectra as ecorded during ±975.     A line drawn on the 

power spectrum of a slope of -5 provides for comparison of the 

high frequency portion of the spectrum in the wind-wave facility 

to that predicted by Phillips (References 4 and -3) for the case 

of infinite fetch.  The agreement is quite good, reflecting the 

solution of probe-frequency-response problems.  The dominant fre- 

quency and relative amplitude measure.iients inferred from the power 

spectra slope are self-consistent with respect to current direc- 

tion and magnitude.  That is, as the current changer, from strong 

adverse to strong favorable, the dominant wave frequencies are In- 

creasing while the dominant wave amplitudes are decreasing.  This 

effect is due to many intimately-related phenomena. As briefly 

described in earlier sections, a change in current (magnitude and 
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dlrectlon) effectively change« the fetch for a given volume of 

water as it moves down the tank.  In addition, a fixed probe 

will measure a different frequency since the laboratory-fixed 

reference frame is only "valid" for the zero current case. 

This so-called reference frame is difficult to generalize for 

the widely different roles which it must fill.  For instance, 

the effective roughness length (k) seen by the wind is a func- 

tion of wavelength and frequency in the wind-fixed reference 

frame.  In this aspect, the roughness length is intimately re- 

lated to the rate of energy transfer from the air to the water 

and thus affects the energy contained in wave motion and wind- 

drift boundary layer motion.  The important point which this 

raises is that each aspect of wind-wave-current interactions has 

a specific reference frame which applies and this need not be 

the laboratory reference frame.  Since wave height probes are 

fixed in space, the information (C , X   , f) which is obtained 

from such probe is not directly applicable to the dynamics of 

wind-wave-current interactions.  Figures 17 through 20 describe 

the relationship between the frequency of the dominant wave and 

the subsurface current, as observed in the laboratory reference 

frame.  A detailed discussion of the physics which would be ex- 

pected to play a role in determining the shape of the afore- 

mentioned plots is not addressed in this study.  However, it is 

important to note that the current related shifts in spectral 

plots may be a result of dynamic interactions rather than strict 

fetch considerations. The power spectra are presented for all 

test conditions in Figures 23 through 53, while representative 

cross spectra are given in Figures 'll, •,l4, 46 and 48.  The phase 

angle, phase speed and dominant wavelength are- inferred from the 

cost spectra.  The data obtained from these plots are also self- 

consistent.  Phase speeds and phase angles generally increase 

with favorable currents while wavelength grows shorter.  The 

spectral results are summarized in Table 3. 
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V.  CONCLUDING REMARKS 

A number of wj.nd-wavo-current phenomena have been documen- 

ted during the present tent program.  The combined effects of 

wind speed and direction, current-streamwise gradient, fetch, 

and current direction and magnitude on surface wave modulations 

are complicated.  To develop an experimental test plan, which 

would fully explote all experimental aspects of this problem, 

would involve a very extensive effort.  However, the two experi- 

mental test series which have been conducted to date have cer- 

tainly provided a strong base for theoretical work. 

The question of a relaxation phenomena occurring within the 

Wind-drift layer remains open to interpretation by theorists.  A 

final anticipated report should correlate the data from both 

HYDRONAUTICS, Incorporated and Riverside Research Institute with 

theoretical predictions by Phillips and Vaglio-Laurin.  Experi- 

mental work to date suggests that surface modulations in the 

laboratory are very small; however, the appropriate scaling laws 

for the open ocean conditions are only presently being worked out. 
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